In order to clarify the reason why the NOx emissions factor becomes higher with vehicle acceleration at intersections etc., two freight vehicles of different emission model years, equipped with EGR systems for reduction of NOx, were tested by an on-board NOx measurement system. Higher NOx emissions factors were observed at vehicle starts in lower-gear operations for each vehicle though the total NOx mass emissions of the later model vehicle were less. Larger NOx mass emissions were clearly observed in the engine operation area of lower engine speed and load in real traffic conditions though the NOx mass emissions in steady state conditions was less. NOx emissions characteristics were analyzed in view of engine torque, NOx mass emissions, and the EGR rate, and considering the rate of engine speed change. It was found that lower-gear operations made the rate of engine speed change higher and also the EGR rate lower resulting in higher NOx emissions. This seems to be one of the factors to engender the intensive NOx pollution at roadsides.
Introduction
Mass emission measurements from on-road vehicles using on-board measurement systems have heretofore been conducted in order to analyze exhaust gas pollution at local roadsides and to examine the relationship between vehicle dynamics and its mass emissions (1) - (3) .
Elements that influence the mass emissions from running vehicles include: (a) external factors such as infrastructure of roads, traffic environment, and weather, (b) driving factors such as routes on which vehicles drive and drivers' characteristics, and (c) technical factors of vehicles and/or engines. It is necessary to observe those three factors to reveal the mechanism of exhaust gas pollution at local roadsides caused by vehicles.
In the previous studies, the authors showed that an on-board emission measurement system which measured the above factors simultaneously was available to analyze the pollution mechanism along roadsides (4)- (7) .
An EGR system has come to be used as a technique to reduce NOx on many diesel freight vehicles. The authors studied NOx mass emissions at roadsides from a light-duty vehicle with an EGR system equipped with an on-board emissions measurement system. They showed that NOx emissions factors (g/km) depended largely on gear positions. The emissions factors rose notably when the vehicle was accelerated in low gears at intersections etc., and consequently caused intensive NOx pollution at local roadsides (5) .
One of the causes was low speed of the vehicle and heavier engine load, but it was also pointed out that the differences of NOx emission characteristics between transient driving and steady-state driving could influence the factor (8) . In the past studies, many efforts were made in order to optimize an EGR system for turbo-charged engines, focusing mainly on the improvement of transient air-fuel ratio, resulting in the reduction of smoke and NOx during acceleration (9) - (12) .
This paper describes NOx emissions characteristics of transient and steady-state driving, and clarifies the impacts of those characteristics on NOx pollution at local roadsides. Two light-duty freight vehicles of different emission regulation model years, both equipped with EGR systems were used to evaluate NOx mass emissions from running vehicles in real traffic conditions. An on-board NOx measurement system was equipped on each vehicle. Relationship between engine torque and instantaneous NOx mass emissions during transient driving was evaluated considering the rate of engine speed change and NOx emissions factors.
Experimental Method

Test Vehicles
Pictures of the test vehicles are shown in Figures 1 and 2 , and main specifications of those vehicles in Table1. Vehicle 1 is a freight vehicle that passed the Japanese 1994-exhaust emission regulation, for which the test cycle is a steady state mode; DB mode. The vehicle has an in-line, naturally aspirated, four-cylinder direct injection, OHC diesel engine with maximum output of 85kW. It was first registered in March 1999, and the odometer at the beginning of the test was about 75,000km. Vehicle 2 is also a freight vehicle that passed the Japanese 1998-exhaust emission regulation, for which test cycle is also DB mode. It has an in-line, naturally aspirated, four-cylinder direct injection, OHC diesel engine with maximum output of 81kW. The vehicle was first registered in March 2000, and the odometer at the beginning of the test was about 5,000km. Both vehicles are typical light-duty freight vehicles manufactured by the same company with maximum payload of two tons, used for delivery within urban areas, and both are equipped with an EGR system for NOx reduction.
An on-board system installed in each vehicle measures vehicle positions using a GPS (global positioning system), altitudes by atmospheric pressure, pictures of road infrastructures, traffic conditions, driver's operations, engine and vehicle dynamics, and NOx/O 2 concentrations every 0.5 second (6) . The system is called "the Measurement
System" afterward in this paper. 
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Test Routes
The test route for the two vehicles was set in Tokyo. It mainly went through Chiyoda Ward and Koto Ward including typical urban roads and narrow streets, and total distance of the route was 20.3km. The route had a lot of traffic signals and intersections (2) . Hereafter it is described as "Tokyo-urban route".
For a further one-year investigation on vehicle 2, the test route was set in Yokohama, urban streets with heavy traffic. The route started and finished at Keio University Yagami Campus. It was a typical urban route including intersections, a two-level crossing, turning right and left, arterial roads, narrow streets, streets clogged with traffic etc. The distance of the route was 17.5km (7) . Table 2 shows the features of the route. Hereafter it is described as "Yokohama-urban route".
Test Conditions
Actual NOx mass emissions were measured by the Measurement System on vehicles 1 and 2, which were driven on a same route, and emission profiles of each engine were compared. Drivers were assigned exclusively to each vehicle. After an adequate warming-up, running tests were conducted on the route shown in Table 2 , in real traffic conditions. The payloads of both vehicles were a half of the maximum payload, corresponding to 1,000kg.
The tests were carried out in the daytime, when the traffic on the route was heavy. Further running tests for one year and tests on a chassis dynamometer were carried out on vehicle 2 to find out details of the engine's NOx characteristics concerning extended on-road traffic conditions, atmospheric conditions, and steady state emissions etc. Each of these is outputted as a voltage and sent to the Measurement System. In this experiment, sampling interval was set to 0.5 seconds taking into consideration the capacity of the data-logger, though the Measurement System had an ability to measure every 0.1 second. The measurement for 0.5 second interval corresponds, for instance, to 5.6m of distance for a vehicle speed of 40 km/h. Fuel flow (g/s) is calculated from O 2 concentration and intake air volume. It is added to intake air flow to work out the exhaust gas flow (m 3 /s).
The exhaust gas flow is multiplied by NOx concentration, and the result shows NOx volumetric flow. NOx mass flow (g/s) is obtained by conversion from volumetric to mass flow (3) (6) .
In this research, NOx emissions per a distance (g/km) which is calculated by dividing NOx mass emission (g/h) by vehicle speed (km/h) is employed as an index of the NOx pollution at roadsides. NOx mass emissions per a distance is generally called NOx emissions factor. In this paper, NOx characteristics are denoted as instantaneous NOx mass emission ENOx,t,Inst (g/s), instantaneous NOx emissions factor ENOx,X,Inst and route NOx emissions factor ENOx,X,RT (g/km).
Instantaneous NOx mass emissions are converted from NOx volumetric flow, which is obtained by multiplying instantaneous exhaust emission flow (m 3 /s) measured 0.5-second interval by NOx concentration. The instantaneous NOx emissions factor is calculated by dividing instantaneous NOx mass emissions by instantaneous vehicle speed V Inst (km/h). Total NOx mass emissions (g), which is calculated by integrating the instantaneous NOx mass emission (g/s) over the test route, is divided by the distance of the route (from the starting point to finishing point) to work out the route NOx emissions factor. Similar notations are used as for CO 2 in this paper. Instantaneous vehicle speed, V Inst (km/h) and average route vehicle speed V RT (km/h) are used to describe vehicle speed (km/h).
Calculation of EGR Rate
Correlation between engine speed and intake air flow was prepared under a condition that the engine had not yet warmed up, that resulted in no EGR operation. Based on this, the EGR rate is defined as the rate of the decreasing amount of intake air flow. 
Experimental Results
NOx Emissions Characteristics Comparison between Vehicles 1 and 2 on Tokyo-urban Route
The two vehicles which had been registered in different emission model years, both equipped with an EGR system to reduce NOx emissions, were driven on the Tokyo-urban route, for one day each, in order to investigate NOx emissions characteristics. Table 3 shows the main results of test runs of vehicles 1 and 2. The route NOx emissions factor of vehicle 2 is about 52% of that of vehicle 1. Figures 3 and 4 show the EGR rate map for each vehicle based on engine speed and the engine torque calculated from running resistance of the vehicles. The size of the bubbles shows the value of the EGR rate.
Test Run Results
The dark and light colors of bubbles are the boundary condition of 10% of the EGR rate. The EGR rate map is created as follows (13) .
a. Engine torque for every 0.5 second is calculated by an equation of vehicle running resistance (9) . The running resistance is calculated for a gradient of zero. b. Calculated maximum engine torque and maximum engine speed are divided each equally among ten values, and this creates a matrix of one hundred engine operating areas. c. Total of the instantaneous EGR rates existing in each engine operation area are divided by the number of data in each engine operation area. The result is the average EGR rate in each engine operating area. d. The average EGR rate is indicated in the center of each engine operating area by a bubble which has a surface area equal to the value of the average EGR rate.
Compared to vehicle 1, vehicle 2's EGR control area is extended to lower-speed and heavier-load area, and the EGR rate itself is higher. As the relation between the EGR rate and NOx mass emissions is close (12) , it is presumed that the difference of this EGR control is one of the reasons that vehicle 2's route NOx emissions factor became low. Total NOx mass emissions of vehicle 2 which passed the 1998-exhaust emission regulation seem to be decreased compared to vehicle 1, which passed the 1994-exhaust emission regulation. Relation between circle area and EGR rate Table 3 also shows the time ratio and NOx emissions factors related to position of the gears. Time ratio in third gear is high for vehicle 1, while that of the fourth gear is high for vehicle 2. As previously reported (5) , the test result shows the tendency for the lower gear positions to make the NOx emissions factor higher on each vehicle. The NOx emissions factor in the second gear is about twice as high as the route NOx emissions factor for vehicle 1, and four times higher for vehicle 2. This can result in intensive NOx pollution at local roadsides. Figure 5 shows
There is not much difference to be seen in the vehicles. Vehicle 2 still has a problem on NOx pollution to local roadsides, though its route NOx emissions factor is lower than that of vehicle 1.
Comparison of Engine NOx Emissions Characteristics by Gear Positions
As described before, the NOx emissions factor (g/km) is calculated by dividing NOx mass emissions (g/s) by vehicle speed (km/h). This calculation makes the NOx emissions factor tend to show higher values when a vehicle runs at a lower speed. Considering this, in order to evaluate the NOx emissions characteristics of the vehicles, NOx mass emissions are compared to the engine load under conditions where the vehicle speed is excluded.
All instantaneous NOx and EGR rate data obtained at 1,240 to 1,550 rpm are averaged to engine torque and shown by gear positions in Figures 6 and 7 , for vehicles 1 and 2 respectively. The engine torque of the range from zero to 320 N·m is divided into ten, and the average values of each area are plotted in the Figures. NOx mass emissions tend to increase with engine load. Even when the engine load is at the same level, NOx mass emissions in the second gear position tend to be higher than that in other gear positions. Similar tendencies can be seen in the direct output value of NOx concentration (ppm) obtained from the zirconia sensor. As described above, vehicles 1 and 2 show the same characteristics though the vehicles have different EGR control areas and different levels on the engine operation map: NOx emissions of both vehicles increase in the second gear drive.
Figures 6 and 7 also show EGR rates of vehicles 1 and 2 related to engine loads for each gear position to clarify the reason that NOx mass emissions increase in the second gear drive.
As for vehicle 1, the EGR rate shows higher value around 100 N·m in each gear, but the EGR rate of the second gear is relatively low. Around 150N·m, NOx emissions in the fourth gear show a discontinuous line. This may be a lack of measured data in the defined engine operating area. As for vehicle 2, the EGR rate tends to drop by approximately 20 points at medium load area around 150 N·m. From the above it is assumed that the increase of NOx mass emissions in the lower gears is caused by the decline of the EGR rate in those gears, and therefore, vehicle 2 which has wider EGR control area shows more distinct increase of NOx mass emissions in the lower gear drive. In general, lower gears are used during vehicle accelerations at starts, resulting in the rapid change of engine speed. The above observation reminds the authors about the influence of engine speed change.
Comparing Figures 6 and 7 , the EGR rates for vehicles 1 and 2 show different characteristics. This is seems to be attributable to the difference in the test vehicles' EGR control design concepts.
Analysis of Transient Characteristics of NOX Emissions in Vehicle 2
To clarify the reason why the EGR rate drops when the vehicles run in the second gear and why NOx emissions increase even when the engine load is at the same level, further study on the details of NOx emissions characteristics was carried out by steady state tests on a chassis dynamometer and transient state tests in real traffic conditions, using vehicle 2 with the wider EGR control than that of vehicle 1.
Test Run Results
In order to clarify the difference of NOx emissions between transient and steady state conditions, NOx emissions in real traffic conditions were compared with those on a chassis dynamometer. Figure 8 shows the NOx emissions map for vehicle 2 in steady state conditions, measured on a chassis dynamometer. Engine operation points described in Figure 8 contain D13 mode points of the Japanese exhaust emission test cycle and extra Figure 9 also shows the NOx emissions map for vehicle 2, based on the test runs conducted six times in one day on the Yokohama-urban route. The conditions of the engine speed and load points are the same as those in Figure 8 , though there was no data around 3,100 rpm in real traffic conditions. Both were measured by the Measurement System. Large NOx mass emissions are clearly observed in the engine operation area of lower engine speed and load in real traffic conditions.
Twelve running tests were conducted once a month for a year on the Yokohama-urban route, to obtain various data under different conditions for detailed estimation of the NOx emissions characteristics in real traffic conditions. Table 4 shows the outline of the test run results obtained during the year. Data obtained in these tests include NOx mass emissions that were sampled every 0.5 seconds under various traffic and weather conditions year-round. The following is the further analysis of transient state characteristics of NOx emissions based on the test data. In the statistical work for the analysis, the data which were calculated at 0.5 seconds interval were picked up every 2.5 seconds.
Frequency analysis of the rate of engine speed change is conducted gear by gear, because in general, acceleration of a vehicle increases when the vehicle is in lower gear that results in rapid engine speed change. The rate of engine speed change is calculated by dividing revolutions per minute (rpm), which is a general notation of engine speed, by time (s). The result is shown in Figure 10 . The portion of time in the second gear is about 6%, but the rate of engine speed change is higher, which is around 800 rpm/s at the maximum and, for instance, is approximately 8 times larger than that of the fifth gear. 
Relation of NOx Emissions and the EGR rate to the rate of engine speed change
Since range of the rate of engine speed change is wide in the second gear position, it is the focus to analyze NOx emissions characteristics. NOx emissions maps are prepared under two conditions of the rate of engine speed change. One of them is the group of measurements for which the rate of engine speeds change is under 400 rpm/s. That corresponded to about a half of the maximum rate of engine speed change in the second gear. The other group of measurements is for the case of 400 rpm/s and over. The result is shown in Figure 11 . The NOx mass emissions are about two to four times higher in cases where the rate of engine speed change is 400 rpm/s and over, at medium-low speed and medium-low load, when compared to the cases of under 400 rpm/s.
The rate of engine speed change is divided into three cases, i.e. low, medium, and high, and the relation of engine torque and NOx mass emissions is evaluated for each of the cases. Figure 12 shows the result. Here, like in Figures 3 and 4 , all instantaneous data of engine torque obtained between 1,240 and 1,550 rpm are divided into eleven data points according to the magnitude of the data, and the average value of each area is plotted in the Figure. The NOx mass emissions increase as the rate of engine speed change increases, even when the engine load is at the same level. This shows that the NOx mass emissions in the second gear drive also greatly depend on the rate of engine speed change.
The relation between engine torque and EGR rate on the rate of engine speed change is shown in Figure 13 to evaluate the change of the EGR rate under the same conditions as Figure 12 . When the rate of engine speed change increases, the EGR rate tends to decrease. From this result, the reason NOx mass emissions increase in the second gear drive can be explained as follows: lower gears are mainly used to accelerate the vehicle at starts, so that the rate of engine speed change increases, resulting in the drop in EGR rate, and thus, it causes one of the factors of intensive NOx pollution at local roadsides. Further investigation of the drop in the EGR rate with high rate of engine speed change is desired. Following will be important knowledge. The EGR rate of diesel engines with turbocharger is appropriately controlled to keep excess air ratio over a certain level to avoid the deterioration of black smoke (12) . The EGR rate of the engine of vehicle 2 is electronically controlled by the position of EGR valve, which is driven by a DC motor, and by the position of intake throttle, which is driven by a stepping motor, all depending on the signals of accelerator position and engine speed. Actual positions of EGR valves and intake throttle are fed back to the engine control module for precise control. The reason for the drop in EGR rate at higher rates of engine speed change could be explained by the algorithm of the EGR control system. For analyzing the reason for the EGR rate drops, the dynamic measuring of the EGR valve position, intake throttle position, accelerator position and engine speed might be good information along with the instantaneous measurement of NOx mass emissions. It is estimated how much the EGR rate drop in the high rate of engine speed change influences the NOx pollution to local roadsides. Figure 14 shows the actual history of NOx at the vehicle start illustrated in Figure 5 , and shows the estimated history of NOx in the case where NOx mass emissions are at the same level as steady state. Estimated NOx mass emissions at the torque and engine speed of the vehicle start are calculated by a linear interpolation of the steady state data shown in Figure 8 . It is clear that the intensive NOx pollution is greatly reduced if the NOx mass emissions are at the level of steady state conditions.
Conclusions
To clarify the reasons why the NOx emissions factor increases when vehicles start in low-gears at intersections etc., on-road test runs were conducted with two light-duty freight vehicles which had been registered in different model years, but both equipped with an EGR system to reduce NOx emissions. The relations of NOx emissions and the EGR rate to the rate of engine speed change in transient driving were analyzed. Results are compiled into the following conclusions.
The route NOx emissions factor of the vehicle which passed the 1998-exhaust emission regulation was lower than that of the vehicle which passed the 1994-exhaust emission regulation, both in real traffic conditions. But both vehicles showed much NOx mass emissions at starts in intersections.
The EGR rate decreased in the second gear position under the same engine load in real traffic conditions. From the comparison of the engine NOx maps, it is shown that NOx mass emissions in real traffic conditions are higher than those in steady state conditions on a chassis dynamometer.
A one-year test run with the vehicle which had wider EGR control was conducted and the details of NOx emission characteristics were evaluated. As the high rate of engine speed change area was observed in the second gear drive, the relationship between engine torque and NOx emissions was evaluated focusing on the rate of engine speed change. As a result, higher NOx mass emissions in the second gear drive were observed in during conditions of the rapid rate of engine speed changes. At the same time EGR rate had a tendency to decrease when the rate of engine speed change increased. From the above, we can conclude the following: the second gear is mainly used to accelerate the vehicle at starts, so that the rate of engine speed change rapidly increases, resulting in drops in the EGR rate. This phenomenon, together with lower vehicle speed and higher engine load, can be one of the reasons that cause intensive NOx pollution at local roadsides.
The following suggestions are derived from the observation, to reduce NOx emissions at local roadsides: the lower rate of engine speed change during vehicle acceleration reduces NOx emissions, as the EGR rate drop is less compared to the conditions of the rapid rate of engine speed change. This is a strategy that can be accomplished by drivers in the way that they accelerate from stops. Another strategy is designing engines with an optimized EGR control algorithm during vehicle acceleration.
